Corporate technology transfer by US non-governmental organizations with the substantial involvement of university faculty is a new activity in hydrometeorology. The issues involved in such US corporate technology transfers are discussed by way of two examples selected from the activities of the Hydrologic Research Center, a non-profit-making public-benefit research and technology transfer corporation in San Diego, California, USA. The projects discussed are: (a) the development and implementation of a robust state estimator for national use within the US National Weather Service River Forecast System, and (b) the development and implementation of a prototype multi-sensor rainfall forecasting system for the Panama Canal Authority. The issues covered include technical ones associated with improving theoretical formulations for robust operational performance, those associated with the necessary reciprocal education between modellers and field personnel, and the accommodation of the educational objectives of participating postdoctoral associates.
INTRODUCTION
Hydrometeorology is a rapidly advancing area of the geosciences with applications, such as real-time flood and flash-flood prediction, or operational water resources management, that are directly pertinent to the daily life of society (Loucks 1989; Waggoner 1990; NRC 1991) . The subject matter of hydrometeorology consists of natural phenomena that show a wide spectrum of temporal and spatial variability (from local rain-rates to continentalscale soil-moisture fields). Predictability horizons for such phenomena vary from a few minutes to a few months, and there is significant uncertainty associated with any relevant operational predictions. Based on high-quality data, basic research in hydrometeorology addresses questions of cause and effect. The evolving end-results are an improved understanding of the phenomena and improved predictive models. However, there are urgent societal needs for the management of the extremes of several hydrometeorological variables. This implies that operational hydrometeorological systems must be formulated and designed based on evolving models whose predictions carry significant (and, in some cases, nonquantifiable) uncertainty. As such, the transfer and modification of technology from basic research to applications, and the communication of essential research from applications to basic research are reciprocal links that must be facilitated. Necessarily then, basic research through strong collaboration with university researchers, internal applied research and close links to field operations are synergistic constituent characteristics of sustainable technology transfer organizations (Ettema & Kennedy 1990; Georgakakos 1995) . This paper draws from the experience of the Hydrologic Research Center (HRC) to discuss two technology transfer applications and associated issues, and addresses the areas of system and model formulation, implementation and testing, and the training of field personnel. A brief overview of the work is presented in each case. The interested reader is encouraged to consult the references given at the end of this paper for detailed discussions of technical issues.
OPERATIONAL STATE ESTIMATION Brief research history
Research results on the use of state estimators with conceptual hydrological models for real-time flow forecasting have reported improvements in short-term model forecasts (Kitanidis & Bras 1980a, b; Georgakakos 1986a, b) . In spite of the benefits that state estimators bring to real-time forecasting, their operational implementation for flow forecasting has been rather limited in the US (see Bae et al. (1995) for one of the few recent field implementations). The probable reasons for this stem from the complexity of the theory and the implementation of state estimators (which impose a substantial training burden on field users of the software), and also from the variety of existing possible designs (some not very robust) of state estimators with free parameters.
Although some training in the theory of state estimation is always necessary, the design of robust estimators, with little or no interaction with the user, is now possible. Georgakakos et al. (1988) developed the theory and evaluated the applications of the hydrological forecast system (HFS), also called the state space Sacramento model (or more recently SS-SAC), based on well-tested conceptual hydrological models and a state estimator with a few free parameters. The hydrological component of SS-SAC uses a modified version of the Sacramento soil water accounting model (see Peck (1976) for the original formulation, and Georgakakos (1986a) for the modified version) coupled to a non-linear reservoir model for channel flow routing (Georgakakos & Bras 1982 They showed the superior performance of SS-SAC compared with the performance of the hydrological components running without a state estimator (see Georgakakos et al. (1988) , Georgakakos & Smith (1990) and Georgakakos (1994) for various test results pertaining to SS-SAC forecast accuracy and reliability). Georgakakos & Sperfslage (1995) document the software implementation of this stand-alone version of SS-SAC. Sperfslage & Georgakakos (1996) 
where subscripts 'u' and 'f'' signify updated and forecast quantities, respectively, at time t k . The vector of weights To determine the expected errors in forecasts and observations, a set of variance prognostic and updating equations is formulated to complement the set of
Equations (1) and (2). The variance equations are based on the prognostic state Equation (1) and on a priori degree-of-belief estimates of expected errors in input and The state covariance matrix P(t) characterizes the expected errors in estimating the true state vector x(t). Georgakakos et al. (1988) and Rajaram & Georgakakos (1989) 
derive the prognostic equation for P(t). The result is
where U(t) and W are covariance matrices corresponding to errors associated with the input to SS-SAC (precipitation and potential evapotranspiration estimates or forecasts), and with the estimates of the parameters of the
SS-SAC models (modified Sacramento and stream-flow routing models), respectively. The matrices F(t), M(t) and

N(t) contain the derivatives of the elements of the function
f( ) (see Equation (1)) with respect to (a) the elements of 
A recent operational field application
In collaboration with the staff of the California-Nevada River Forecast Center (CNRFC), the SS-SAC has been used since March 1998 for the operational short-term show good real-time performance and are consistent with previous experience pertaining to SS-SAC predictions.
Issues
Perhaps the most important issue relating to the operational application of SS-SAC is the production of estimates for the values of the free-state estimator parameters.
As mentioned above, degree-of-belief estimates for input and parameter error variances must be provided by 
OPERATIONAL RAINFALL PREDICTION
Brief research history
In the early 1980s, a new class of conceptual models for real-time precipitation prediction was formulated, and was tested successfully on a hydrological scale (Georgakakos & Bras 1984a, b) . These models conserved the liquid water equivalent in storm clouds, and used simplified micro-physical parametric relationships to express macro-physical water mass and mass flux as functions of hydrometeor drop-size distributions. State estimators were designed for these models to allow cloud and rain liquid water equivalents to be updated from real-time precipitation observations over the hydrological catchment area of interest. Tests of these models showed an improved performance for short lead times (up to 6 h) with respect to statistical models of local precipitation predictions. The primary advantages these models offered over detailed meso-scale numerical weather prediction models were that they were computationally efficient while retaining the essential storm cloud physics, they resolved finer spatial scales, and they incorporated frequent real-time information on precipitation rates in a consistent stochastic process framework. Following these research developments in hydrometeorology, and for the purposes of (a) integrating information on hydrological and meteorological fluxes in real time, and (b) generating short-term flash-flood warnings (with hourly forecasts), coupled hydrologicalmeteorological systems were formulated and tested (Georgakakos & Hudlow 1984; Georgakakos 1986a Georgakakos , b, 1987 Bae et al. 1995) . These systems integrate local precipitation prediction models with hydrological models on the catchment scale, both through the conservation of mass equations for water, and also through a feedback In recent years, following the same line of research, spatially distributed precipitation prediction models have been formulated with the ability to utilize weather radar data for generating gridded precipitation forecasts over regions greater than 10 4 km 2 with a 10-km resolution (e.g. Lee & Georgakakos 1990 , 1996 French & Krajewski 1994; Dolcine et al. 1998) . Typically, these models are appropriate for non-mountainous terrain, and they are designed for use in conjunction with current operational meso-scale numerical weather prediction models (i.e. the ETA model-a numerical weather prediction model-in the US, Mesinger 1996) . Current active research towards improving rainfall predictions on the hydrological scale includes the improved utilization of weather radar data (French et al. 1995; Dolcine et al. 1998) , the improved formulation of model uncertainty components (Grecu 1999; Georgakakos 2000) , and the extension of model formulation for application to mountainous areas (e.g. Pandey et al. 2000) .
Formulation basics
The differential equation expressing the conservation of cloud and rain liquid water equivalent mass is integrated along the vertical coordinate to yield the basic precipitation model equation (e.g. Lee & Georgakakos 1996) where the model state X(x,y,t) is the total cloud-and rain-water content in the grid column with spatial coordinates (x,y) at time t, the storm advection velocity com- 
and
where Z 1 (x,y,t) and Z 2 (x,y,t) represent the observations of the vertically integrated liquid water content and basescan rainfall rate, respectively, g(x,y,t) is a function to compute rainfall rate at the base-scan level from the model state X (x,y,t) , and V 1 (x,y,t) and V 2 (x,y,t) are observation errors with statistical properties which are assumed to be known (e.g. French et al. 1995) .
With the assumption of an exponential drop-size distribution for precipitating particles, the precipitation rate functions at cloud base h (x,y,t) and at ground level g (x,y,t) are The storm inflow source term S of Equation (4) where e c is a parameter accounting for momentum losses due to mixing between the updraft columns and the environment (Georgakakos & Krajewski 1996) .
For applications when the updraft velocities are initiated or enhanced by the presence of mountains (orographic enhancement), the vertical component of the orographic three-dimensional velocity field constitutes w o . The velocity field over mountainous terrain may be obtained by the application of potential-theory flow . For the meso-scale domain of interest, the atmospheric flow is assumed to be irrotational, and characterized by an 850-mbar wind vector. We specify the velocity potential f(x,y,z) as
where U, Z, Y and X are functions to be determined, and x, y and z are the independent spatial variables, with x being the wind vector direction. Function f(.) is the solution to the following boundary value problem:
where the Neumann boundary conditions specify that the directional spatial derivatives vanish at the domain boundaries, except at the lower boundary, for which In Equation (11), ∂s/∂x represents the topographic gradient function, and u o is the free-stream velocity component along the x axis.
A recent operational field application
The goal of the subject application was to design, implement and test a prototype software system for the et al. (1999) and Sperfslage et al. (1999 Sperfslage et al. ( , 2000 describe the operational-system design and component function in detail.
Tests of the various components with limited initial data showed that the system is able to work with a variety of data configuration scenarios, and good 
Issues
The system implemented by the Panama Canal Authority is a prototype synthesis based on well-tested research products. As such, it presented the developers and users with unique technology transfer issues.
The training of field personnel on the theory and practice of the components of the prototype system was an Perhaps the most significant on-going activity for this operational application is the monitoring and evaluation of system performance in real time. This will lead to the subsequent determination of necessary system improvements.
CONCLUSIONS AND PROSPECTS
The following conclusions were reached on the basis of the technology transfer examples discussed here and from other HRC experience. 1. It will be necessary to strengthen ties with the university faculty concerned in an era when the ratio of reward versus time spent is low in the academic environment.
2. There should be a stable and balanced group of core staff in the technology transfer organization in order to ensure continuity in the productive research performed by transient post-doctoral associate staff.
This core group should represent diverse disciplines, and be capable of interdisciplinary research, development and implementation activities. 
